In Brief
Observations of the daily opening and closing of leaves (nyctinasty) in the 18 th century provided some of the first evidence of a biological clock. Oikawa et al. show that circadian regulation of the anion channel SsSLAH1 in the mimosoid tree is the likely molecular mechanism behind nyctinasty.
INTRODUCTION
Plants show various movements in response to environmental stimuli [1] . Nyctinasty, commonly observed in Fabaceae and Oxalidaceae, is one of the most famous behaviors among them ( Figures 1A and 1B) . Since the ancient era, many scientists challenged understanding of nyctinasty [3] . For example, de Mairan discovered the first example of biological clock from unaffected rhythm of Mimosa nyctinasty [4] , and pioneering achievements were obtained from detailed observation by Charles Darwin [1] .
Using Samanea saman (Jacq.) Merr., the model plant for studying nyctinasty due to its relatively large plant size, tissue-level mechanisms of nyctinastic leaf movement is well described [2, 5, 6] . In S. saman, nyctinastic leaf movement is triggered by specialized motor organs, pulvini, at the base of the compound leaves (secondary pulvini) or leaflets (tertiary pulvini; Figure 1B ). The pulvini consist of two adjacent cells: extensor motor cells (abaxial side of secondary pulvini and adaxial side of tertiary pulvini) that are swelling during leaf opening and flexor motor cells (adaxial/abaxial side of secondary/ tertiary pulvini) that are shrinking at the same time ( Figure 1C ). This asymmetrical swelling/shrinking of motor cells triggers nyctinastic leaf movements. The volume of these cells is controlled by turgor pressure and is therefore likely to be regulated by ion flow through ion channels [7] [8] [9] . The swelling and shrinking of motor cells is often considered analogous to the volume changes occurring in guard cells during stomatal movement [10] : to achieve guard cell shrinkage, anion channels release anions, such as chloride ion (Cl À ), to trigger membrane depolarization, activating voltage-dependent outward-rectifying potassium ion (K + ) channels and resulting in K + efflux. To adjust for the higher water potential, water is released through aquaporins to reduce cell volume. The involvement of ion channels in nyctinasty has been suggested by patch-clamp experiments using S. saman [11] . Additionally, ion channels potentially involved in nyctinastic leaf movement have been discovered in genetic studies on S. saman, and diurnal changes in their gene expression have been observed [12, 13] . However, no ion transport activity was observed for isolated K + channels, such as Samanea pulvini inward-rectifying channel for K + 1 (SPICK1), SPICK2,
or Samanea pulvini outward-rectifying K channel 1 (SPORK1), in any heterologous expression system, and no anion channel has been identified to date. A potential anion channel may be the Samanea orthologs of Arabidopsis SLOW-TYPE ANION CHANNEL 1 (SLAC1), which plays a key role in stomatal movement [14] [15] [16] . Thus, key functional ion channels and regulatory mechanisms for the asymmetrical swelling/shrinking of motor cells (or nyctinastic leaf movement) are poorly understood.
In this paper, we identify anion channels and K + channels involved in the nyctinastic leaf opening in S. saman. Among them, silent slow-type anion channel subunit SsSLAH1 is the key regulatory gene: cell-specific and circadian expression of SsSLAH1 would cause the asymmetrical swelling/shrinking of extensor and flexor motor cells, located in adjacent position, triggering the nyctinastic leaf opening of S. saman. These results further our understanding of nyctinasty and how cell-specific circadian control regulates plant behavior.
RESULTS

Identifying Ion Channels in S. saman
We carried out transcriptome analyses of Samanea motor cells, changes in the volume of which are a primary cause of nyctinastic leaf movement, to identify ion channels that may control such movement. Total RNA was extracted from both extensor and flexor motor cells in the tertiary pulvini of S. saman ( Figure 1C ). Sequencing of cDNA prepared from total RNA generated 361,025,724 reads totaling 36,464 Mb with an average length of 101.0 bp. The reads were assembled into 71,473 unigenes, which included 36,396 independent contigs with an average length of 1,700.0 bp, and 62,391,391 unassembled sequences.
As the osmotic regulation of motor cells is expected to be analogous to that of stomatal guard cells, we performed a BLAST search on the sequencing data to find orthologs of slow-type anion channels and Shaker K + channels that are responsible to regulate the swelling/shrinking of guard cells in Arabidopsis. Figure S1 .
For anion channels, we found two distinct genes belonging to the slow-type anion channel family, which we termed SsSLAH1 and SsSLAH3 ( Figure 1D ). 
SPORK1.
We named these newly found channels SPICK3, SPICK4, SPORK2, SPORK3, and SPORK4 ( Figure 1E ). The sequence of SPICK1 was identical to the one previously reported, and SPICK2-2 was found to be a splicing variant of SPICK2-1: these channels display homology to the Arabidopsis AKT2-type channel [12] . The newly isolated SPICK3 and SPICK4 display homology to Arabidopsis AKT1 and KAT1/ 2-type channels, respectively. The sequence of SPORK2 is very similar to that of SPORK1 [12] , a previously identified ortholog of Arabidopsis GORK [17] and SKOR [18] ( Figure S1B ). Protein domain prediction for SPORK1 and SPORK2 showed that SPORK1 had fewer ankyrin repeats than SPORK2 ( Figure S1B ) [19] . A unique serine-rich region was found in the N-terminal cytosolic region of SPORK2; this was not found in SPORK3 and SPORK4 but is well conserved in outward-rectifying K + channels of several Fabaceae ( Figures S1C and S1D ). Protein domain prediction also revealed that SPORK3 lacked the first and second transmembrane domain of the channel, suggesting that it would not be functional ( Figure S1B ).
Activity of Samanea Ion Channels
Next, we carried out functional analyses of the newly found two potential anion channels (SsSLAH1/2) and five potential K + channels (SPICK3/4 and SPORK2/3/4). The ion transport activities of SsSLAH1/2, SPICK3/4, and SPORK2/3/4 were examined by two-electrode voltage clamp (TEVC) experiments using a See also Figure S2 . (Figures 2A and 2B ). We also demonstrated that SsSLAH1 activated AtSLAH3-mediated currents (Figure 2A ), suggesting that SsSLAH1 may function in the same manner as AtSLAH1 and activate the anion channel SsSLAH3 to transport Cl À across the plasma membrane.
Oocytes expressing SPORK2 showed voltage-dependent outward currents ( Figures 2C and 2D ), whereas such currents were not observed in oocytes expressing SPORK1, SPORK3, or SPORK4 ( Figure S2A ). Additionally, no K + transport activity was observed in oocytes expressing SPICK genes ( Figure S2B ). These results suggest that SPORK2 is the functional K + channel
in Samanea motor cells. TEVC analyses of SPORK2 also revealed unique kinetic characteristics: depolarization-mediated activation of SPORK2 was dramatically slow. The K + current mediated by SPORK2 increased for up to 20 s ( Figure 2E ). In contrast, the K + current mediated by GORK [17, 24], a predominant K + channel in Arabidopsis guard cells, rose for only 2 s (Figure 2E) . To evaluate the activation kinetics of SPORK2 and GORK, we calculated activation half times at +60 mV, according to the method described by Garcia-Mata et al. [25] . This showed that the activation half-time of SPORK2 was 3.4 times longer than that of GORK ( Figure 2F Figure S2F ). The resemblance between the currents recorded in Samanea motor cells and the currents elicited by expression of SsSLAH3-SsSLAH1 and SPORK2 expression in Xenopus oocytes strongly suggests that these channels mediate the currents observed in planta.
Spatiotemporal Regulation of Ion Channels
We performed spatiotemporal analyses of the gene expression profiles of SsSLAH1, SsSLAH3, and SPORK2 in the whole compound leaf of S. saman to confirm whether these ion channels could be responsible for the nyctinastic leaf movement. We dissected leaves and prepared total RNA from extensor and flexor motor cells of the secondary and tertiary pulvini, pinna, rachis, and rachilla ( Figure 3A ) at zeitgeber time (ZT) 0 (leaf opening state; light is on) and ZT16 (leaf closed state; light is off) to verify the tissue specificity of these channels by qPCR. SsSLAH1 was expressed exclusively in flexor motor cells of the tertiary pulvini at ZT0, and expression levels at ZT16 were decreased by half ( Figure 3B ). In contrast, SsSLAH3 was expressed at relatively low levels compared with SsSLAH1 and showed no obvious tissue specificity ( Figure 3C ). Expression of SPORK2 was predominantly observed in both extensor and flexor cells of the third pulvini at ZT0 and then decreased to about one sixth at ZT16, although the expression of SPORK3 and SPORK4 showed no tissue specificity ( Figures 3D and 3F ). These results demonstrate that two ion channels, SsSLAH1 and SPORK2, are specifically expressed in pulvini and exhibit diurnal changes in expression.
Similar to the previous reports [27, 28], nyctinastic leaf movement of S. saman was observed even under continuous light condition with almost the same rhythmicity to 16 hr light/8 hr dark and would be controlled by internal clock (Figures 4A-4C ). We further analyzed the changes in the time course of the expression profiles of SsSLAH1 and SPORK2 in tertiary extensor and flexor motor cells under 16 hr light/8 hr dark and continuous light condition to confirm how expression of these channels is related to actual leaf movement. In 16 hr light/8 hr dark condition, changes in gene expression level of SsSLAH1 were maximized at ZT0 and decreased by ZT12, and consistent with the data shown in Figure 3A , this induction was observed exclusively in flexor motor cells ( Figure 4D ). Changes in gene expression levels of SPORK2 were also maximized at ZT0 and decreased by ZT8 ( Figure 4E ). We showed that the gene expression profiles of SsSLAH1 and SPORK2 follow a circadian pattern even under continuous light conditions ( Figures 4F and 4G ). In contrast, no circadian patterns were observed in the gene expression of SsSLAH3 and other SPORKs under either normal or continuous light conditions ( Figures S3A-S3F ). In Arabidopsis, transcriptional factor CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) directly activates the transcription of morning-phased genes according to the circadian rhythm [29, 30] . Using transcriptome data, we isolated the ortholog in S. saman named SsCCA1 with a morning phase of expression ( Figures S4A and S4B) . These results raise a possibility that both SsSLAH1 and SPORK2 would be activated by morning-specific transcriptional factor SsCCA1. Moreover, both promoters of SsSLAH1 and SPORK2 within 300 bp from ATG have circadian expression element (CAANNNNATC), cis element that is responsible for gene expression with a morning phase found in Lycopersicon esculentum ( Figure S4C ) [31] . These results suggest that expression of SsSLAH1 and SPORK2 in the tertiary pulvini of S. saman is under circadian control.
Combined with the actual leaf movement and gene expression profile, our results indicate that SsSLAH1 is a key regulatory ion channel of nyctinastic leaf opening in S. saman. During leaf opening, SsSLAH1 is expressed exclusively in flexor motor cells and would trigger the Cl À efflux via SsSLAH3-SsSLAH1 heteromer to cause membrane depolarization. The patch-clamp experiments of flexor motor cells at ZT0 and ZT16 would support this dawn-specific induction of Cl À currents: Cl À current at ZT0 is larger than that at ZT16 in flexor motor cells ( Figures S5A-S5C ). SPORK2, expressed both in flexor and extensor motor cells, would be activated specifically in flexor motor cell and convey K + to outside of cells, resulting in water efflux. Finally, flexor-specific cell shrinkage would occur and nyctinastic leaf opening is observed.
SLAH1 Silencing in G. max
The results described above strongly suggest that SsSLAH1 is a master player in the regulation of leaf opening movement in S. saman. Unfortunately, direct experimental evidence in support of the importance of SsSLAH1 cannot be obtained, for example, by analysis of knockout mutants, because moleculargenetic tools have not yet been developed for this species. Thus, we adopted a virus-induced gene silencing (VIGS) approach to replace the use of knockout S. saman mutants. Despite numerous efforts, infection of S. saman whole plants with apple latent spherical virus (ALSV) was unsuccessful (Figure S6A) . Then, we used the model legume Glycine max, in which VIGS approach is well established [32, 33] .
A phylogenetic tree of GmSLAH genes shows that GmSLAH1-1 (Glyma.06G307500) and GmSLAH1-2 (Glyma.12G097300) show homology to SsSLAH1 ( Figure S6B ). Gene expression profiles suggest that GmSLAH1-1 is expressed mainly in pulvini, although the expression of GmSLAH1-2 could not be detected ( Figures S6C and S6D) . Electrophysiological experiments were also performed to verify the role of GmSLAH1-1. Similar to the experiments performed using SsSLAH1, GmSLAH1-1 showed no chloride transport activity and activated AtSLAH3-mediated chloride currents ( Figures S6E and S6F ). These results suggested that GmSLAH1-1 might affect leaf movement in G. max.
We then prepared GmSLAH1-silenced plants (ALSVGmSLAH1) and control plants (ALSV-VC) using the VIGS approach ( Figure S6G ) and recorded the nyctinastic leaf movements of ALSV-GmSLAH1 and ALSV-VC. The results showed that leaf folding, which is triggered by the shrinkage of extensor motor cell (abaxial side in G. max), was more gradual in ALSVGmSLAH1 than in ALSV-VC plants: ALSV-VC leaves were folded from ZT14 to ZT15.5, and ALSV-GmSLAH1 leaves were folded from ZT14 to ZT17 (Figures 5A and 5B) . In contrast to S. saman, which of leaflets were opened due to the active shrinkage of flexor, it may be the active shrinkage of extensor that drives the leaflets folding in G. max. These results demonstrate that the SLAH1-type silent anion channel is important in nyctinastic leaf movement.
DISCUSSION
Through electrophysiological and genetic analyses of ion channels in S. saman, we have succeeded in furthering our understanding of the molecular mechanisms of nyctinastic leaf opening. During leaf opening at dawn, SsSLAH1 is expressed only in flexor (abaxial) motor cells and promotes Cl À efflux via SsSLAH3 activation (Figures 2, 3 , and 4) and membrane depolarization occurs. Voltage-dependent outward-rectifying K + channel SPORK2, which is expressed both in flexor (abaxial) and extensor (adaxial) motor cells, is also activated exclusively in flexor motor cells and triggers the K + efflux (Figures 2, 3 , and 4). Due to the loss of osmoticum (KCl), water potential in flexor motor cells is increased and aquaporins regulate the water efflux to lower the volume of flexor motor cells. This means shrinkage of abaxial side of the pulvini (base of leaflets) and finally leads to nyctinastic leaf opening movement ( Figure 6A ). Additionally, this also indicates that leaf-folding process of S. saman might be independent of ion channels, such as SsSLAH1, SsSLAH3, and SPORK2.
Our results suggest that circadian control of SsSLAH1 would be different between flexor and extensor motor cells, although expression of SsSLAH1 would be under control of SsCCA1 
( Figures 3B, 4D, 6B, and S4) . The observation of cell-specific, distinct transcriptional change in two adjacent motor cells, extensors, and flexors is, we believe, unique. Complicated molecular mechanisms of clock gene regulation are extensively studied in Arabidopsis, and the similar phenomenon of cell-specific and tissue-specific circadian controls is recently reported [34, 35] . Further research would be needed for profound understanding of cell-specific circadian regulation in biological phenomenon to uncover the significance of nyctinastic leaf movement in S. saman.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Samanea saman S. saman (Shanti Garden, Okinawa, Japan) were grown in growth chambers (Biotron LP1-PH, Nippon medical & chemical instrument, Tokyo, Japan) with a 16 h light and 8 h dark condition. Temperature was 30 C in the light and 26 C in the dark, and light intensity was around 200 mmol m -2 s -1 . Relative humidity was set to 75%.
Glycine max
Seeds of G. max cv. Enrei (Tsuru Shinshu Nae, Nagano, Jappan) were grown in growth chambers (Biotron LPH-1000S, Nippon medical & chemical instrument, Tokyo, Japan) with a 16 h light and 8 h dark condition. Temperature was 25 C in the light and 20 C in the dark, and light intensity was around 100 mmol m -2 s -1 . Relative humidity was set to 70%.
METHOD DETAILS
RNA extraction and library preparation for transcriptome analysis Total RNA was extracted using an RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. Total RNA concentration was quantified using UV spectrophotometry, and the quality of the total RNA was assessed by electrophoresis on a 1% agarose gel. Paired-end libraries with approximate average insert lengths of 200 base pairs were synthesized using a TruSeq RNA Sample Prep Kit v2 (Illumina, CA, USA) according to the manufacturer's instructions. Prior to cluster generation, library concentration and size were assayed using an Agilent DNA1000 kit (Agilent, CA, USA) on a 2100 Bioanalyzer (Agilent, CA, USA). Libraries were sequenced as 100-mers 3 2 on a Hi-Seq 2000 equipped with a paired-end module at Hokkaido System Science (Sapporo, Japan). Sequence data obtained from Hi-Seq 2000 were analyzed using cutadapt software (http://cutadapt.readthedocs.io/en/ stable/index.html) for adaptor trimming and velvet/Oases software (https://www.ebi.ac.uk/$zerbino/) for de novo assembly.
ORF prediction ORF prediction was performed against putative transcript sequences generated by de novo assembly using Velvet/Oases software. Predicted ORF sequences were uploaded to the eArray website (Agilent) to design probes for the custom microarray. The following procedures were applied: 1) putative ORFs were predicted using the ''getorf'' program in the EMBOSS software package (http:// emboss.bioinformatics.nl/cgi-bin/emboss/getorf); 2) start/end positions of the longest putative ORF in each transcript were extracted; 3) putative 3 0 /5 0 -UTR sequences were extracted according to the start/end positions of the above-described putative ORF; 4) UTR sequences were clustered using the BlastClust program (http://nebc.nox.ac.uk/bioinformatics/docs/blastclust.html).
Gene annotations and classifications
Functional annotations were performed by sequence comparison with public databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi). All unigenes were compared with the NCBI non-redundant protein database specifying an E-value less than 1e À5 (blast-2.2.26; http:// www.ncbi.nlm.nih.gov/).
Phylogenetic analysis
A phylogenetic tree was constructed by neighbor-joining using DNASIS PRO (Hitachi, Japan). To identify potential homologs of Samanea slow-type anion channels, Shaker-type K + channels and CCA1, we used the following nucleotide or amino acid sequences from other species: 
Protein domain prediction in Samanea anion channels and K + channels
We predicted the transmembrane domain of each channel using DNASIS PRO (Hitachi, Japan) in reference to previous publications [37] , [12] and web annotations (http://www.uniprot.org). Transmembrane helix prediction was also performed using the TMHMM server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). Protein domain prediction was performed using ExPaSy PROSITE (http://prosite.expasy.org).
Isolation and preparation of anion channel and K + channel constructs
Coding sequences of SPORK2, SPORK3, SPORK4, SPICKs and SsSLAH1 was isolated from Samanea cDNA using primers. PCRamplified SPORK2 sequence was cloned into pYES-based plasmids, pOMU-HESB [38], creating pOMU-SPORK2. Sequences of SPORK3, 4 and SPICKs were cloned into pENTER-D/TOPO (Thermo Fisher Scientific, USA) and subsequently transferred to pYES-based destination vector, generating pOMU-SPORK3 and 4, and pOMU-SPICK1, 2, 3 and 4. SsSLAH1 sequence was cloned into artificially synthesized plasmids for oocyte expression (pOE plasmid), generating pOE-SsSLAH1. For SPORK2 construct, inverse PCR was performed to insert stop codon. Coding sequences of GORK was isolated from Arabidopsis cDNA using primers. Amplified sequence was cloned into pOMU-HESB plasmid, creating pOMU-GORK. Coding sequences of SPORK1 was partially synthesized from 1065 bp to 1462 bp (Eurofins, Belgium) and subcloned into BglII and SalI site of pOMU-SPORK2, generating pOMU-SPORK1. Artificially DNA synthesis was also performed to obtain coding sequences of SsSLAH3 (Eurofins, Belgium) and GmSLAH1-1 (Genewiz, USA) and AtSLAH3 (Genscript, USA). Sequences of SsSLAH3 and GmSLAH1-1 were subcloned into pOE oocyte expression vector, generating pOE-SsSLAH3 and pOE-GmSLAH1-1. Sequence of AtSLAH3 was subcloned into pOMU-HESB, creating pOMUAtSLAH3 plasmid. 4) ), oocytes were gently shaken in Barth's solution at 18 C for 10 min. After washing again, the oocytes were again shaken in Barth's buffer w/o Ca 2+ at 18 C for 10 min. Defolliculated oocytes were stored in Barth's solution containing 50 mg/mL gentamicin at 18 C. cRNA synthesis and oocyte microinjection were performed as described previously [38] .
Electrophysiological experiments to evaluate anion and K + channels using Xenopus oocytes Whole-oocyte current was recorded using a two-electrode voltage clamp method with an AxoClamp 2B (Molecular Devices, CA, USA) as previously described [38] . Data analysis was performed using an Axon Digidata 1550 Low-Noise Data Acquisition System (Molecular Devices, CA, USA). To measure the anion channels, oocytes were perfused in a bath containing a solution of 100 mM NaCl, 1 mM Ca(gluconate) 2 , 1 mM Mg(gluconate) 2 , 1 mM LaCl 3 , and 10 mM Tris/MES (pH 5.0). Starting from a holding potential of 0 mV, step pulses were elicited from À140 mV to +40 mV for 3 s and then À120 mV for 3 s. All experiments were performed 1-2 d after cRNA injection. To measure SPORKs, oocytes were perfused in bath containing a solution of 108 mM NaCl, 12 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM Tris/MES (pH 7.3).
Step pulses were elicited from À80 mV to +60 mV starting from a holding potential of À40 mV. All experiments were performed 2-3 d after cRNA injection. For the two-pulse experiments, SPORK2 or GORK-expressing oocytes were depolarized to +60 mV for 20 s, repolarized to À40 mV for various times, and finally depolarized again to +60 mV for 5 s. The K + current values were determined at the end of the first pulse and beginning of the second pulse, and the fold change was calculated as shown in Figure S2C . To obtain the proper current value at the start of the second pulse, SPORK2-mediated currents in the second pulse were fitted with Boltzmann function
where 'x' is time (ms), 'y' is current value (mA or pA), 'A 1 ' is the initial value, 'A 2 ' is the final value. 'x 0 ' is the time at inflection point, 'dx' is time constant. Region used for fitting was from 500 ms to 5000 ms of the second pulse. The fold change was plotted against various repolarization times and fitted with a logistic function
where 'x' is repolarization time (ms), 'y' is fold change, 'A 1 ' is the minimum asymptote when the repolarization time is zero, 'A 2 ' is the maximum asymptote at infinity. 'x 0 ' is the time at inflection point, 'p' is the slope factor. All fitting analyses were performed by ORIGIN 7.5J software (LightStone, Tokyo, Japan) To measure SPICKs, oocytes were perfused in bath containing a solution of 120 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , and 10 mM Tris/MES (pH7.3).
Step pulses were elicited from +30 mV to À170 mV starting from a holding potential of À40 mV. All experiments were performed 1-2 d after cRNA injection. C. The enzyme solution was discarded, followed by two 1-mL rinses with rinse solution (1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM MES-KOH (pH5.5), osmolarity adjusted with 680 mOsm with sorbitol). After rinsing, the protoplasts were released in 1.6 mL of rinse solution at 27 C at 60 rpm for 30 min. Freshly prepared protoplasts were used for each subsequent patch-clamp experiment.
To measure chloride currents, the pipette solution consisted of 150 mM CsCl, 2 mM MgCl2, 6.7 mM EGTA, 5.86 mM CaCl 2 , 10 mM HEPES, 5 mM Mg-ATP, pH 7.1 with Tris, and the osmolality was adjusted to 700 mOsm with D-sorbitol. The bath solution was 30 mM CsCl, 2 mM MgCl 2 , 40 mM CaCl 2 , 0.5 mM LaCl 3 , 10 mM MES, pH 5.5 with Tris, and the osmolality was adjusted to 680 mOsm with D-sorbitol.
Step pulses were elicited from +40 mV to À140 mV starting from a holding potential of À30 mV. To measure K + currents, the pipette solution was 100 mM KCl, 2 mM MgCl 2 ۰6H 2 O, 6.7 mM EGTA, 1.68 mM CaCl 2 , 5 mM Mg-ATP, 10 mM HEPES/Tris (pH 7.1), and the osmolality was adjusted to 700 mOsm with D-sorbitol. The bath solution was 10 mM KCl, 2 mM MgCl 2 , 1 mM CaCl 2 , 10 mM MES/Tris (pH 5.5), and the osmolality was adjusted to 680 mOsm with D-sorbitol.
Step pulses were elicited from +60 mV to À180 mV starting from a holding potential of À60 mV. All experiments were carried out under room temperature (21-26 C).
Recording the nyctinastic leaf movements of S. saman Leaf movements of two-week-old S. saman plants that are grown under the conditions described above were recorded using CAMEDIA E-10 (OLYMPUS, Tokyo, Japan) and infrared camera KPC-EX500BA (Korea Technology and Communications, South Korea) equipped with Minilens 1.24 (Korea Technology and Communications, South Korea). Camera was set up on a ceiling and plants were recorded from top. Sufficient continuous near-infrared illumination was provided by K-Light (SUN MECHATRONICS, Japan) to measure the movements in the dark. Images were captured using K-BD Maker (KEIAN, Japan), and time-lapse photographs were obtained every 60 min. Sequential images were imported into ImageJ (http://rsbweb.nih.gov/ij/) to measure the leaf area.
Quantitative RT-PCR analysis
To evaluate tissue specificity of gene expression in S. saman, tertiary pulvinus extensor and flexor motor cells, second pulvinus extensor and flexor motor cells, rachis, rachilla, and pinna cells were sampled at ZT0 and ZT16. To analyze time-course gene expression profiles in Samanea tertiary pulvini, excised extensor and flexor motor cells were sampled every 4 hr. After 24 hr, free-run experiments were performed in the same manner. To analyze the tissue specificity of GmSLAH1-1 and GmSLAH1-2 in G. max, pulvini, primary leaves, and stems of wild-type plants were collected at ZT0 and ZT16. To confirm the gene silencing of GmSLAH1-1 in ALSVinfected plants, extensor motor cells of each plant were collected at ZT16. All samples were frozen immediately in liquid nitrogen and stored at À80 C for further analysis. Total RNA was isolated using the RNeasy Plant Mini Kit (QIAGEN, Germany), and cDNA was synthesized using ReverTra Ace (TOYOBO, Japan) with oligo-dT(20) primers. Quantitative PCR was performed on a StepOnePlus Real-Time PCR System (Life technologies, CA, USA) with KAPA SYBR Fast qPCR Kit (KAPA Biosystems, MA, USA). All experiments were performed in triplicate.
Isolation of the SsSLAH1 and SPORK2 promoter and sequence analysis The Samanea genomic DNA was extracted by CTAB (Cetyl trimethyl ammonium bromide) method. To isolate SsSLAH1 promoter, extracted genomic DNA was digested with Nsi I (NIPPON GENE, Tokyo, Japan), and inverse PCR was performed. The primers used were as follows: SsSLAH1-pro forward, 5-TCAGCGGCTGAGTTGGTTGATG-3; SsSLAH1-pro reverse, 5-TGCGACG ACGTCGTCAAGTATTG-3. To isolate SPORK2 promoter, extracted genomic DNA was digested with BamH I (NIPPON GENE, Tokyo, Japan), and inverse PCR was performed. The PCR product was subcloned into pCR8/GW/TOPO (Thermo Fisher Scientific, USA), and the promoter sequence was determined by DNA sequencing. Isolated sequences of SsSLAH1 and SPORK2 promoter (1000 bp from ATG) were analyzed by New PLACE [38] .
ALSV inoculation of Samanea saman and evaluation of systemic infection
To investigate whether ALSV can infect S. saman plants, ALSV-RNAs were inoculated into germinated S. saman seeds by particle bombardment as previously described [39, 40] . Inoculated plants were grown in a growth chamber for approximately one month. Total RNA was extracted from inoculated leaves and upper uninoculated leaves and analyzed by RT-PCR to evaluate the accumulation of ALSV.
DNA constructs for VIGS analysis
To create ALSV-RNA2 vectors for the VIGS analyses, fragments containing nucleotides 4-153 (150 bp) from GmSLAH1-1 (Glyma.06 g307500) were synthesized artificially. The DNA fragments were cloned in-frame into the Xho I/BamH I site of pCALSR2-XSB (ALSV-RNA2 plasmid) [36] to generate pCALSR2-GmSLAH1-1. For agroinoculation, pCALSR1 (ALSV-RNA plasmid) and pCALSR2-GmSLAH1-1 were transformed into the Rhizobium radiobactor strains GV3101::pMP90 and C58C1, respectively. The cell suspension was infiltrated onto the abaxial leaf surface of Nicotiana benthamiana using a 1 mL syringe without a needle. The resulting virus was named ALSV-GmSLAH1.
Virus inoculation
N. benthamiana leaves infected with ALSV-GmSLAH1 were homogenized in 0.1 M Tris-HCl (pH7.8), and the sap then mechanically inoculated onto the true leaves of Chenopodium quinoa, a propagation host of ALSV, using carborundum [32, 36, 39, 40] . After two to three weeks, any upper leaves with symptoms were sampled and stored at À80 C. Total RNA was extracted from infected C. quinoa leaves as described previously [33, 39] . Biolistic inoculation of germinated G. max seeds (Tsuru Shinshu Nae, Nagano, Jappan) was performed using a PDS-1000/He Particle Delivery System (Bio-Rad, Hercules, CA, USA) and 1.0 Micron Gold Microcarrier (Bio-Rad) particles that had been coated with total RNA from C. quinoa, as previously described [33, 39] . Seven to ten germinated soybean seeds were placed in a Petri dish and bombarded twice at 1,100 psi. Approximately 7 mg of total RNA was used per shot.
Recording the nyctinastic leaf movements of G. max Leaf movements of six-week-old G. max plants were recorded using KPC-EX500BA (Korea Technology and Communications, South Korea) equipped with Minilens 1.24 (Korea Technology and Communications, South Korea). Camera was set up on a ceiling and plants were recorded from top. Sufficient continuous near-infrared illumination was provided by K-Light (SUN MECHATRONICS, Japan) to measure the movements in the dark. Images were captured using K-BD Maker (KEIAN, Japan), and time-lapse photographs were obtained every 30 min. For the leaf area measurement, we selected five pairs of complex leaves from three individual plants of ALSV-VC and ALSV-GmSLAH1 and analyzed the leaf area using ImageJ software (http://rsbweb. nih.gov/ij/).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using Costat (CoHort Software). Statistical parameters such as the exact value of n, dispersion and precision measures (mean ± SD) and statistical significance are shown in the Figures and Figure Legends . For the data statistically analyzed by Student's t test, asterisks denote statistical significance (*p < 0.05, **p < 0.01). For the data statistically analyzed by one-way ANOVA (Turkey's HSD and Turkey-Krammer), different letters denote statistical significance (p < 0.05).
